production of basic chemicals, LCIs may be derived from the literature. However, information on production processes of fine and speciality chemicals is scarce. These processes are normally not even published in patents, as total secrecy is considered the safest manner of know-how protection. In the most important public data source remaining, Ullmann's encyclopedia of industrial chemistry [10] , reaction stoichiometry is in most cases accompanied by only a few comments on process operations, while energy or solvent demands as well as generation of wastes and emissions are not discussed.
Existing frameworks for the modelling of inventory data use a range of methods from rules of thumb to process simulation. Bretz and Frankhauser [11] take into account all flows mentioned above. They use process databases and expert knowledge and estimate default mass and energy flows associated with end-of-pipe services, combustion of energy carriers, and standard operations in chemical industry. For processes with no information available at all, only the mass flows of starting materials according to reaction stoichiometry are taken into account. Unfortunately, this comprehensive methodology is not generally applicable to LCA-studies, as it relies on confidential data for most process databases and default values. Furthermore, estimations rely rather on expertise than on transparent rules. Jimenez-Gonzales et al. [7] proposed a method to model inventories based on process flowsheets, thermodynamical calculations for energy balancing, and rules of thumb. Auxiliary materials are not discussed. Authors evaluating single production processes or end-of-pipe technologies in chemical industry frequently resort to process simulation to estimate material and energy flows [6, 12, 13] . Emission estimation based on specific unit operations and process flowsheets was used for LCA by Shonnard and Hiew [12] . All of the above-mentioned methods are highly process-specific and require comprehensive process descriptions as input. Such information may be found in literature for the production of basic chemicals, but is generally not available concerning fine and speciality chemicals. Therefore, no applicable method is available to model LCIs of fine and speciality chemical production.
In this study, we developed a procedure for the estimation of comprehensive LCIs of fine and speciality chemicals' production. In order to be operational, the procedure relies on the information obtainable from literature, i.e. the reaction equations and only few, important process characteristics. To be comprehensive, it yields approximations for the relevant mass and energy flows involved in the production processes. These flows include inputs of substrates, auxiliary materials, solvents, utilities including energy carriers, cooling water, and inert gas, as well as outputs of wastes, energy, side or coupled products, and emissions to air. Default estimates of all parameters, mass and energy flows are suggested to compensate for missing information. The uncertainties of these estimations are assessed in a best-case and a worst-case scenario for each production process. No most probable value is given, because there is no basis for such an interpolation at the current state of research. The procedure set up enables the use of LCA in the environmental assessment of chemical products. Especially, it allows product comparisons of chemicals with multistep synthesis on a coherent basis. In this article, the structure and parameterisation of such an estimation procedure is described. The procedures' applicability is illustrated by a case study comparing the production of two active ingredients used for crop protection.
Structure of the Estimation Procedure
In order to estimate LCIs of processes for fine and speciality chemicals' production, a generic input-output scheme for single process steps in such LCIs was developed. Methods to calculate the input and output masses per kg of product output from such process steps were established. Input parameters were divided into those that can be obtained from literature and those that need to be provided by default estimates, taking into account the lack of process-specific data (see Introduction).
The system boundary for the LCI of a generic chemical production process-step was established following Heinzle et al. [14] , adapted for the aims of this work. The resulting input-output scheme ( Fig. 1) shows two separate groups of unit operations within the system boundary, as well as basic process characteristics influencing the inputs and outputs. In the reaction and workup unit operations, the substrates are converted partially to products, coupled and side products, while a fraction of the substrates remains due to incomplete conversion. The product is recovered and purified and leaves the generic production process step ready for use in the next process step. For the final product, further operations are necessary, such as formulation. These are not considered in this procedure. The sum of the output masses of side products and unreacted substrates is taken into account as yield losses. These yield losses as well as coupled products are considered as waste, because their recovery is scarcely economically feasible in the campaign-wise and batch-wise production of fine and speciality chemicals. Regarding the scarce number of cases where allocation between multiple valuable products may be necessary, we propose allocating on the basis of mass flows or stoichiometry, as discussed by Boustead [1] . Coupled products and yield losses may be dissolved in organic or aqueous phases depending on the solvents and workup operations used in the process step. In this estimation procedure, coupled products and yield losses are assumed to leave the process step with the solvent used in the reaction. In the case of an aqueous reaction medium, water is used as a solvent and no solvent recycling is assumed. Water and the dissolved coupled products and yield losses are assumed to be disposed of in the wastewater treatment plant. In chemical industry, only wastewater streams loaded with contaminants of low toxicity and sufficient biodegradability are sent directly to the wastewater treatment plant [15] . If wastewater does not fulfil these conditions, it is treated by processes assuring the complete destruction of contaminants, such as waste incineration. Hence, emissions from wastewater treatment are sufficiently inventoried with sum parameters such as Total Organic Carbon (TOC) and Total Nitrogen (Ntot). Calculation of pollutant loads of wastewater, expressed in these sum parameters, is necessary to assess the environmental impacts of the treatment of aqueous wastes in a wastewater treatment plant module. To calculate such loads for the unspecified yield losses, the sum formulas of the substrates can be used for extrapolation of the elementary composition. Hischier et al. [16] give further guidelines for the calculation of wastewater pollutant loads.
In the case of an organic reaction medium, organic solvents are used, and these solvents may be regenerated. All regenerated solvent is assumed to be recycled to the same process step. Wastes from solvent regeneration comprise waste solvent, coupled products and yield losses, and they are disposed of in the waste incineration unit.
The LCI of any chemical product comprises a sequence of reactions used to synthesise the final product. In the estimation procedure lined out here, each reaction is assumed to be carried out in its own process step as long as no other information is available from the literature. This is a simplification. In reality, consecutive reactions may be carried out in the same process step, depending on the implementation of a reaction sequence in the chemical industry. In such cases, utility inputs for workup may decrease because the product does not need to be isolated. In highly efficient processes, the same solvent may be used for consecutive process steps. These increases of efficiency may lead to an overestimation of the environmental impacts of process steps by the estimation procedure described here (see also Section 3).
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where ν i is the stoichiometric coefficient of substrate or coupled product. The input masses of all substrates, normalised on the product output, are calculated as:
where m substrate,i is the input mass of substrate i in kg, M is the molar mass of substrate or product in kg/kmole and X is the overall yield of the reaction and workup (dimensionless).
In the same group of unit operations, products are recovered and purified and any waste pre-treatment is carried out. The product is then ready for further use. The normalised output mass of coupled products is
The normalised output mass of yield losses comprises the mass of substrates not converted and the mass of side products formed in the reaction:
Solvent demand is independent of reaction stoichiometry. Concerning organic solvents, high solvent recycling rates are normally realised for economic reasons. Hence, the demand of fresh solvent per product output depends strongly on the recycling rate and less on desired concentrations of substrates or products in the solvent. For instance, quality requirements can cause low or even zero recycling rates. The fresh input of a single solvent per product output is calculated as:
where m total solvent,j , is the total mass of the single solvent j in the process step, in kg/kg product , and f recycle is the fraction of total solvent mass that is recycled (solvent recycle factor, dimensionless). More than one solvent may be used in a process step, and this is taken into account by defining the number of solvents used in the process step (k solvent ) in Section 2.
Air emissions from batch production are dominantly influenced by the effectiveness of the installed emission abatement equipment. Standard installations are absorbers for water-soluble emissions and condensers for organic emissions, mostly VOC [17] . If this equipment is not efficient enough or the emission of highly toxic substances is expected, waste gas incineration may be used. In this estimation procedure, emission factors calculated as fraction of the mass of each substance in the process step are applied. Substance properties like vapour pressure are not taken into account, because it is assumed that emitted masses depend mostly on the effectiveness of emission abatement installations. The option of waste gas incineration is not modelled in this estimation procedure. The emission mass per kg of product output (m emission, i ) of any substance in the reaction and workup unit operations, as well as in the solvent regeneration, is calculated as
where m i, process is the mass of substance i in the process step, which corresponds to the input mass for substrates, to the total mass in the process for solvents (m total solvent ) and to the output mass for products or coupled products; f emission is the emission factor (dimensionless). Emission masses of yield losses (see Eq. 4) are neglected because they are small compared to emission masses of substrates, products and coupled products. For substances which obviously pose no harm to the environment (e.g. water) or which have a very low vapour pressure (e.g. salts), zero emission to air is assumed. For substances that display high reactivity with air or water (e.g. anhydrides), the product of this reaction should be considered as emitted substance.
The mass of waste solvent generated (m waste solvent, j ) is equal to the mass of fresh solvent input. The total mass of waste output per mass of product produced is calculated as (7) where index i denotes coupled products and index j solvents.
Utilities include steam, electricity, cooling water, and nitrogen. In theory, thermodynamic calculation of heating and cooling demands for reaction and workup is possible via enthalpy [7] . However, in processes for the production of fine and speciality chemicals, up to 60% of the total energy demand is independent of product output [8, 9] . This share of the energy demand depends rather on the level of utilisation of production site infrastructure. Thermodynamic calculations would therefore underestimate energy demands. Instead, default utility demands per kg of product output or per kg of used solvent regenerated are used here.
The following input data needs to be known to apply the equations above for estimation of the LCI of a process step: stoichiometric coefficients and molar masses of all substances, as well as the reaction medium (aqueous or organic).
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As is shown below, knowledge on two more process characteristics is necessary: the reaction phase (gas or liquid) and the occurrence of major side products. This information can be obtained from general chemical process literature [10, 18, 19] , specific encyclopedias [20] and synthesis literature [21] . For the remaining unknown input data, the estimation of default values is described in Section 3. These data include: overall yield, number of solvents and total mass of each single solvent used in the process step, solvent recycle factor, emission factor, inputs of steam, electricity, water, and nitrogen in reaction and workup as well as in solvent regeneration, and finally the type of organic solvent used, in case of an organic reaction medium. If additional information on a production process step can be obtained from literature (e.g. yields, solvent types used), this information should be used instead of the estimated default values.
Default Values for Parameters in the Estimation Procedure
Default values were established for all unknown input data in Eq. 1-7. The uncertainty of the estimated default values was reflected in a best-case and a worst-case scenario. To this end, minimum and maximum values for a given parameter were identified from the on-site data. Minimum and maximum values were then assigned to the best-case or the worst-case according to the effects on the environmental performance of the process step. Heuristics were used, especially where only little on-site data was available. Default values were chosen such that the results of the best-case and worst-case scenario enclosed 90% of the possible values, according to the authors' judgement. All default values were discussed with experts from the chemical industry.
Three sources of on-site data were available from which the default parameter values were derived. Firstly, on-site data were available on the last two process steps in the production of active substance A [22] , which is a crop protection agent. This substance was also used as a LCA case study (see Section 3). Source [22] comprises mass flows of product, substrates, reactants, auxiliary chemicals, catalysts, solvents, and wastes, as well as utility demands. Secondly, historical data from the pilot plant production of active substance A [23] were used to reflect less optimised processes. In the latter source, only mass balances are documented. Thirdly, utility demands were available from multipurpose batch production processes of a Swiss chemical producer, for the time from 1998 to 2001, on a monthly basis [24] . These data had been measured on a productionbuilding level and not specifically for any product. Of the three buildings for which data were available, one features aqueous-phase reactions and the two others organic-phase processes, each for a large range of fine and speciality chemicals (around 20 products per building). Data from source [24] were normalised on the total product output mass. For all sources, monthly averages were calculated.
Data from source [22] depict two relatively complex process steps, involving many unit operations and featuring a low yield. It is therefore reasonable to regard these process steps as a worst-case of environmental performance regarding fine and speciality chemical production. Likewise, data from source [23] represent a worst-case, because pilot processes are not fully optimised routinely. Data from source [24] are representative for one of the largest sites for fine and speciality chemical production in Switzerland, which is also of a relevant size considering the European level. Table 2 shows the best-case and worst-case default values that were established for all parameters in Eq. 1-7, using the on-site data described above and heuristics. For the estimation of the overall yield of a process step (Eq. 2), it is taken into account whether the reaction assessed generates major side products. The occurrence of side products lowers the yield of a process step. Thus, for process steps with known major side products, lower default yields were chosen than for cases where no major side product is known. Default values for the yield in the worst-case scenario were taken from references [22, 23] . Best-case yields were established by the authors' knowledge in collaboration with experts from the chemical industry.
Often, the type of organic solvent used in a process may not be found in the literature. Rather than neglecting this input, a theoretical solvent was defined. The production-LCI of the theoretical solvent consists of an LCI of equimolar amounts of toluene, acetone [1] , and dichloromethane [25] . These solvents resemble the substance classes of aromatic, oxygenated, and chlorinated hydrocarbons, which are three important solvent groups. Processes were classified as aqueous and organic processes according to the reaction medium. It was taken into account that organic solvents may also be used in aqueous processes (e.g. for extractions). Regarding processes in organic phases, potential inputs of process water were neglected, because the water input as solvent is small against the amount of cooling water used. To derive the mass of fresh solvent input and waste solvent output (Eq. 5 and 7), the number of solvents used in the process step (k solvent ), the total mass of a single solvent in the process step (m total solvent,j ) and the solvent recycle factor (f recycle ) were estimated (see Table 2 ). The number of solvents used in a process step is determined considering the reaction phase (gaseous or liquid) and the reaction medium (organic or aqueous) of the process step. In process steps with a gas-phase reaction, no solvent is used for the reaction, but a solvent may be used for workup (e.g. stripping). In this case, a solvent-free process step was assumed in the best-case, while the use of one solvent for workup was considered in the worst-case scenario. In processes with a liquid-phase reaction, solvent-free process steps are known, but were not considered because they are scarce and thus assumed outside the 90% of possible values that are supposed to be enclosed by a best-case and worst-case scenario. For the best-case scenario in liquid-phase reactions, the use of one solvent for the reaction was assumed, without further solvent use for workup. Concerning the worst-case, a second solvent was assumed to be used in workup (e.g. for extraction). For process steps with aqueous reaction medium, an additional input of organic solvent was estimated for workup in the worst-case. The total solvent mass in the process step for any type of solvent (aqueous or organic) was derived from typical concentrations reported in [22, 23] and from an estimation factor for Int J LCA 9 9 9 9 9 (2) 2004 solvent demand used in process development in the chemical industry [26] . Solvent regeneration is assumed to take place in the best-case scenario only, and thus a good regeneration yield of 95%, which occurs in [22] , was estimated.
Emission factors (Eq. 6) were derived comparing such factors relevant for chemical production processes as listed in the EU-Technical Guidance Document (EU-TGD [27] ; Table A1.1, which is valid for Industrial Category 2, Main Category 1c, Use Category not 33, production processes) and emission factors calculated from measured air emission mass flows from source [22] . The maximum emission factor from the on-site data was used here as a worst-case value. This factor is one order of magnitude below that of the EU-TGD. This is reasonable, because the EU-TGD aims at worstcase estimates for Risk Assessment, which should be higher than the realistic worst-case estimates aimed at in this estimation procedure. The best-case emission factor was chosen two orders of magnitude smaller than the minimum emission factor in the EU-TGD, to take into account the worst-case nature of the latter source.
Utility demands for the reaction and workup unit operations were derived from [22] [23] [24] with minimum and maximum value representing best-case and worst-case scenario, respectively. Utility demands for solvent regeneration were derived from references [22, 28] . Because solvent regeneration is assumed only in the best-case scenario, average values were used.
Demands for catalysts and auxiliary materials were not estimated in this procedure, due to lack of data. The possible significance of these mass flows is discussed in Section 5.
Methods of Analysis of the Estimation Procedure
The applicability of the estimation procedure was shown with a LCA case study. The contribution of the estimation procedure to the total LCI of the case study was evaluated. Finally, the LCIA results of the case study were partially verified. Table 2 : Estimated best-case and worst-case default values of the yield (Eq. 2), the solvent recycling factor (Eq. 5), other solvent parameters (Eq. 5), the emission factor (Eq. 6), and utility inputs Int J LCA 9 9 9 9 9 (2) 2004
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All evaluations were carried out on the level of LCIA. The human toxicity potential of the CML-baseline method [29] was used to assess emissions potentially toxic to humans. Primary energy demand [3] was assessed because it reflects the consumption of fossil fuels, which is the most important resource consumption in the case study. Because the purpose of the assessment in this paper was to evaluate the estimation procedure and not to compare products, we focused on these two impact categories. In a preliminary analysis not shown here, other impact categories were not found to add any relevant information to the analysis of the estimation procedure: ecotoxicity impacts according to the CMLbaseline method were dominated by metal emissions from background processes, global warming potential, acidification potential and eutrophication potential were dominated by emissions from the consumption of fossil fuels. A characterisation factor for the human toxicity potential of emissions of the theoretical solvent to air was obtained by calculating the geometric mean of the characterisation factors of all solvents characterised in the human toxicity potential. The geometric mean was applied because it is commonly used to describe sets of non-negative values [30] .
Two active ingredients for crop protection with the same use pattern were compared, entitled A and B. The functional unit was the production of 1 kg each of active substance A and B 1 . This functional unit reflects best the production-LCI of the case study, which is the goal of the estimation procedure presented above. In Fig. 2 , all chemical production processes in the LCIs of the two active substances are displayed. One box represents one process step as shown in Fig. 1 . LCI-data sources are indicated for each process step. Neither on-site nor published LCI-data were available for 22 and four process steps in the life cycle of active substance A and B, respectively. In these cases, the estimation procedure described above was applied to complete the overall LCI of the case study. The necessary input for the estimation procedure (stoichiometry and process characteristics) was obtained from Ullmann's encyclopedia [10] and from interviews with industry experts. Information on solvent types and yields were found for three and nine processes, respectively. This information was used instead of the estimation procedures' defaults. For background processes in the LCI of the case study, the following data sources were used: LCI data on electricity production in Switzerland and Europe (UCPTE), as well as on transport, were taken from Frischknecht et al. [3] . As a default, UCPTE-electricity mix was used. For basic chemical production, inventories data from APME [1] were used. Internal data from our workgroup were used alternatively as well as the IVAM 1.01 database included in the Simapro 4.0 software [4] , where no data from APME were available. For these alternative sources, background processes of energy and transport were replaced by data from Frischknecht et al. [3] . Average transport requirements of 200 km rail-and 600 km road-transport were estimated for chemical transport after every third process step. The LCIs used for the wastewater treatment plant and the incinerator for organic waste are based on data from existing installations at a chemical production site in Switzerland [31] . LCI-data for the foreground processes in the production of active substance A were obtained from Syngenta Crop Protection [22] .
For a partial verification of the estimated LCI of active substance A, on-site data on eleven process steps were obtained from several chemical producers (see process steps marked with a 'V' in Fig. 2 ). These constitute a distinct set of on-site data that were not used in the estimation of the default values in Section 3. Verification datasets include on-site data for four process steps in the production of substrate s3 [32] [33] [34] (see Fig. 2 ). Source [34] features data from a standard operation procedure in pilot scale, which are less representative in terms of technical correlation with the actual process than any of the other on-site data used. Further, seven datasets from a process database were used [35] . As these data were acquired in the 1990ies, they may not reflect latest technological developments. All data sources used for the verification contain yields, mass flows of substrates, reactants, solvents and auxiliary materials. Utility demands are documented in all sources but source [34] . Explicit waste flows are included only in the datasets from sources [32] [33] [34] . None of the data sources comprises emission mass flows. To carry out the partial verification of the LCI estimated for active substance A, values in the initially estimated LCIs of process steps were replaced by values from the on-site data sources described above. The resulting LCI for active substance A has a higher data quality than the initial LCI due to a lower number of mass and energy flows being estimated by the estimation procedure. The on-site data used for verification did not include all mass and energy flows required. Therefore, missing data were again estimated using the default values described in Section 2. Further, on-site data were available only for 11 of the 22 process steps with initially estimated LCIs in the production of active substance A. Thus, the verification is only partial.
To analyse whether the process steps with estimated LCIs make a relevant contribution to the impacts of the production of 1 kg of active substance A, LCI-modules were sorted into the groups on-site LCIs, basic chemical LCIs, estimated LCIs and transport LCIs ( Table 3 ). The fraction of the impact of each LCI group in the production of 1 kg of active substance A was calculated. Further insight into the relevance of specific parameters of the estimation procedure was gained by calculating the parameters' sensitivities following Morgan and Henrion [30] . Changes in the LCIA-scores due to changes in single input parameters were monitored. LCIA-scores and input values were normalised on their respective base-case values. A single decremental change of 10% was applied for this analysis.
Results and Discussion
The LCIs of the production of active substances A and B were calculated with the LCIs for 26 process steps estimated by the procedure lined out above. For the process steps with estimated LCIs, process characteristics as well as the estimated inputs and outputs are available in the supporting information 1 . The estimated LCI for the production of 1 kg of substrate s2 (see Fig. 2 ) is shown as an illustrative example in Table 4 . This is a gate-to-gate LCI for the process step to produce substrate s2. The process step features a liquid phase reaction in organic medium with no major side products. As Table 4 shows, solvent input is distinctly higher for
LCI group LCI-modules included Data source a
On-site LCIs All process steps on the site of the production of the active substance A, including utility supply, wastewater treatment plant, and waste incineration.
On-site data
Basic chemical LCIs Processes of basic chemicals' production. The basic chemicals are used as substrates in the estimated processes and as solvents in the processes with on-site data; cumulated inventories.
Published LCI-databases
Estimated LCIs All estimated process steps with cumulated background-LCI except substrate production; subgroups used here are energy supply (cumulated LCIs of steam and electricity production), solvent production (cumulated LCIs), process emissions (directly from estimated process steps), and waste incineration (cumulated LCIs).
Estimation procedure
Transport LCIs Estimated road and rail transport demands for the estimated products and for the substrates of the on-site process steps.
Published LCI-databases a For literature references, see text. a n.a. − not applicable. Table 3 : LCI groups, the LCI-modules included, and corresponding data sources Table 4 : Estimated gate-to-gate LCI for the process step to produce 1 kg of substrate s2 (see Fig. 2 ) − inputs of substrates (Eq. 2), input of fresh solvent (Eq. 5), air emissions (Eq. 6), utility inputs, (see Table 2 ), and output of organic wastes (Eq. 7)
Flow group
the worst-case than for the best-case, mainly because the solvent recycle factor was assumed to be zero in the worstcase scenario (see Table 2 ). The mass of organic phases sent to waste incineration comprises waste solvent, yield losses and the coupled product (Eq. 7), and is thus also distinctly higher in the worst-case. Steam generation of only 0.9 MJ/ kg waste solvent is credited in the incineration of organic wastes, because the incinerator module resembles an installation where aqueous and organic wastes are combusted together. Incinerators that are used only for the incineration of organic wastes generate more steam, e.g. 17 MJ/kg waste solvent [28] . When an incinerator only for organic wastes is used, it is assumed here that aqueous wastes otherwise incinerated would have to be treated in equally energy-intensive installations, such as wet oxidation. Because such wastewater treatment options are not modelled here, using the incinerator module with little energy credits prevents an underestimation of the environmental impacts. Demands of substrates (Table 4 ) are higher in the worst-case than in the best-case, because the default yield is lower in the worst-case. Emissions increase from best-case to worst-case scenario mainly due to the increasing emission factor (Eq. 6).
To demonstrate the use of the estimation procedure in product comparisons, the LCIA results for the production of 1 kg of active substance A were compared with those of active substance B. Results are displayed as ranges, with best-case and worst-case estimates as lowest and highest value, respectively (Fig. 3) . The production of 1 kg of active substance A clearly shows higher impacts than B in both LCIA-categories assessed.
The quotient of worst-case and best-case impact scores for each active substance ranges between values of 4 to 7. All further analyses are carried out considering active substance A only, because the goal is to describe the role of the estimation procedure within one substances' life cycle.
To evaluate the contribution of the LCI group 'estimated LCIs' (see Table 3 ) to the total impact of the production of active substance A, the contributions of each LCI group listed in Table 3 to the LCIA result were calculated (Fig. 4) . Regarding the best-case scenario in both impact categories, the estimated LCIs share 35-45% of the total impact score, giving the second highest contribution. The LCIs of the production of basic chemicals ('basic chemical LCIs', see Table 3 ) contribute most to the total impact. In the worst-case scenario in both impact categories, the estimated LCIs contribute 80-90% to the total impact score. Hence, the contribution of the estimated LCIs to the total impact is high for both human toxicity potential and primary energy demand. The LCIs of on-site data and transport each contribute below 10% of the total impacts, in both scenarios and impact categories.
Focusing on contributions of the subgroups of the estimated LCIs (see Table 3 ), differences between the two impact categories become obvious. LCIs of solvent production cause the highest primary energy demand, followed by the LCIs of energy supply processes, concerning both scenarios. As noted above, only little steam is generated in the waste incinerator. Hence, credits for steam production are insignificant, even in the worst-case scenario where all solvent is assumed to be incinerated. Toxic emissions to air contribute most to the human toxicity potential. With regard to the best-case scenario, emissions from energy-supply processes dominate the human toxicity impact score. In the worstcase scenario, as the emission factor and solvent demand in Table 3 ) to the human toxicity potential and the primary energy demand, regarding the production of 1 kg of active substance A. Best-case scores (left columns) and worst-case scores (right columns) add up to 100 %, respectively. Note that in terms of the absolute values only the impacts from the LCI group 'estimated LCIs' change between best-case and worst-case scenario Int J LCA 9 9 9 9 9 (2) 2004 the estimation procedure increase, the corresponding LCI subgroups become equally important as the energy supply processes. The difference between best-case and worst-case results in the primary energy demand is due to the increasing demand of fresh solvent in the worst-case scenario. Concerning the human toxicity potential, increasing fresh solvent demands, solvent emissions and energy demands cause the difference between best-case and worst-case results.
Contributions of LCI groups and subgroups are not shown here concerning the life cycle of active substance B, because similar contributions are observed as for active substance A. This is attributable to the relation of the numbers of estimated to published process-step LCIs being similar in the production life cycles of both active substances.
To analyse further, which parameters of the estimation procedure exhibit important influences on the LCIA results, the sensitivity of each parameter was calculated (Fig. 5) . Generally, yields have negative sensitivities, as a higher yield leads to lower mass and energy flows due to lower substrate demands. All other parameters are directly linked to utility demands or emissions and thus produce positive sensitivities. The ranking of parameters according to the sensitivi- For reaction phase, g = gas-phase, l = liquid-phase; for solvent type, org = any organic solvent (see also Table 2) ties is almost identical in both scenarios and impact categories. The yield features by far the highest sensitivity. It should be noted that the sensitivities to some extent depend on individual characteristics of processes occurring in the life cycle of the case study. The different sensitivities of the yield depending on the classification of processes as 'major side product' or 'no major side product' can be attributed to this fact. Parameters describing the demand for organic solvents in liquid-phase process steps show the second highest sensitivity. These parameters are the number of solvents (k solvent (l, org)) and the total mass of each single solvent in the process step (m total solvent,j (l, org)). Relating to the primary energy demand, the solvent recycle factor shows the third highest sensitivity. Concerning the human toxicity potential, due to the toxicity of air emissions, the emission factor displays the third highest sensitivity. In the best-case, this emission factor is very low. Hence, its sensitivity is insignificant. Utilities used in the process steps display little influence on the results in any category or scenario. Solvent regeneration is assumed only in the best-case scenario, and thus utilities for solvent regeneration show some sensitivity only in this scenario. Parameters estimating water demand for cooling or as a solvent have insignificant sensitivities below 0.05.
A partial verification of the LCIs estimated in the production of active substance A was carried out. To this end, the LCIs of 11 of 22 process steps in the production of active substance A (see Fig. 2 , process steps marked with a 'V'), which were initially estimated with the procedure lined out in this article, were replaced by LCIs derived from on-site data (see Section 2). The LCI obtained is further called verification LCI. In Fig. 6 , the LCIA results from this verification LCI are compared to those from the initial LCI (see Fig. 3 ). The distance between best-case and worst-case results in both impact categories is smaller regarding the results from the verification LCI, because, in that dataset, a number of formerly estimated mass and energy flows were replaced by point values from the on-site data used for verification. Relating to the best-case scenario in both impact categories, the initial LCI results in a lower primary energy demand and human toxicity potential than the verified LCI. This complies with the intention in the development of the two scenarios: LCIs estimated in the best-case scenario should reflect processes with environmental performances above the average, while the worst-case estimations should resemble process steps with high environmental impacts. Concerning the worst-case scenario, impact scores of the initial LCI in both impact categories are roughly double as high as those of the verification LCI, due to three factors: (1) In four cases, two consecutive reactions, which were assumed to be carried out in two separate process steps in the initial LCI, were found to be carried out together in one single process step in the verification LCI. In these cases, the intermediate product was not fully isolated, and, thus, utility and solvent demands for workup were reduced. (2) Many process steps display lower solvent or utility demands than estimated by the worst-case default values. In three process steps that initially were judged to use organic solvents, no solvent is used at all in the verification LCI. (3) Higher yields lead to lower substrate demands from background process steps, thus reducing all impacts from these process steps. Altogether, LCIs estimated in the worst-case scenario resemble process steps with considerably lower ecological efficiencies than the existing process steps that the verification LCI is based on. It is thus suggested that chemical production processes that show mass and energy flows resembling the worst-case estimates occur less frequently than chemical production processes whose mass and energy flows correspond to the estimated best-case LCIs. While no further evidence can be given yet for this interpretation, it is supported by two arguments.
Firstly, all worst-case default values were derived from onsite data, implying that processes with corresponding mass and energy flows exist and the values are not unrealistic. Secondly, process optimisation is an important objective in chemical industry. Therefore, only process steps where environmental efficiency competes with other targets like product quality display mass and energy flows as reflected in the worst-case LCI estimates. The partial verification is a first step towards the derivation of default values for a 'most probable' scenario. However, it is judged that at the current stage of research, too little information is available for such an interpolation.
Several sources of uncertainty are considered out of the scope of this work and are discussed qualitatively in the following. The sequence of reactions used to synthesise the final product as acquired from the literature is considered a user input. If several alternative reaction sequences exist, they should all be assessed. Experts should be consulted to verify the reaction sequences established. Further uncertainties stem from the concept of the theoretical solvent, namely from the production LCI of the theoretical solvent and the characterisation factor in the human toxicity potential. Few LCIs of solvent production were found in literature, and thus variations in the production of different solvents could not be assessed in detail in this work. The characterisation factor for emissions of the theoretical solvent to air in the human toxicity potential is calculated as an average value of several typical solvent types (see Section 2), which carries a parameter uncertainty. Whenever uncertainty propagation is carried out in case studies, this uncertainty should be included. The use of auxiliary materials and catalysts as well as the possible overstoichiometrical dosage of substrates are not assessed in the estimation procedure. Auxiliary materials are mostly acids and bases. Stoichiometric inputs of acids and bases are taken into account. However, for processes including pH-changes (e.g. for extraction), additional inputs of acids or bases are necessary. Demands of individual acids and bases in terms of mass flows were found to be 30-50% higher in the estimated best-case LCI than in the verification LCI of active substance A. In the estimated worst-case LCI, acid and base demands were 30-80% higher than in the verification LCI. However, the contribution of the production of all acid and base inputs to the total environmental impacts in the verification LCI was only around 1%. Thus, neglecting non-stoichiometric inputs of acids and bases appears to be of minor importance. Still, specific processes exist, where non-stoichiometric acid and base inputs may contribute significantly to an LCA, e.g. sulfonation reactions using sulfuric acid as solvent. In such reactions, sulfuric acid needs to be neutralised with NaOH, producing gypsum. Alternatively, an energy-intensive regeneration of the acid is necessary [10] . Acid and base input should be inventoried individually for such reactions.
Overstoichiometrical dosage of substrates is used to force the thermodynamical equilibrium of reactions with second or higher order kinetics towards the products and to increase the reaction rate. An overdosage of about 5 wt% of the cheapest substrate involved may be applied. The remaining unreacted substrate is commonly treated as waste. The resulting additional waste mass is low compared to solvent waste and can thus be neglected. Neglecting the additional substrate input, however, may lead to an underestimation of the LCIA results. Inputs of catalysts and mass and energy flows due to catalyst recycling or disposal are also not assessed in the estimation procedure, following [6, 7] . In another study, the production of a heterogeneous catalyst containing a precious metal was found to be significant [5] , and this was due to a high catalyst concentration in the reaction medium. In the analysis of the LCI of active substance A, the homogeneous, organic catalyst employed in the last process step was found to contribute around 1% to the total impacts. The underestimation of impacts due to the neglected mass and energy flows connected with catalyst use is thus assumed to be low. Still, the consumption of precious metals for catalysts may contribute significantly to impacts of abiotic depletion. Precious metal use is not assessed in our estimation procedure, due to lack of data. Lastly, many chemical intermediates can be procured from commodity suppliers. These suppliers may produce in countries with lower environmental management standards and incentives than Switzerland. The environmental performance of chemical production processes of such suppliers may be worse than reflected in the on-site data from Swiss production sites, which the default parameter values of this study are based on. For instance, a lower level of emission abatement in countries with less strict regulation than Switzerland may lead to higher air emissions. However, efforts of the chemical industry to reach high standards in environmental issues are ongoing worldwide, e.g. according to the Responsible Care initiative [36] .
Conclusions
A procedure for the estimation of LCIs for process steps in the production of fine and speciality chemicals was developed and applied to a case study comparing two active ingredients for crop protection. The impact of the process steps, whose LCIs were estimated with the procedure proposed here, was significant compared to the total impact of the case study. Hence, the estimation procedure adds important information to the environmental assessment of fine and speciality chemicals. As an input to estimate LCIs of process steps in chemical production, only a minimum of information is required: the reaction stoichiometry and some basic characteristics of the process steps. These low data requirements are a prerequisite to enable the comparative environmental assessment of fine and speciality chemicals by LCA, because of the low data availability that governs any attempt at creating LCIs for the production of these chemicals. Default estimates of most parameters in the estimation procedure were provided to compensate for missing information. The uncertainty of these estimations was reflected by providing results in a best-case and a worst-case scenario.
Evaluating the partial verification of the estimation results of the case study, it was suggested that the LCIs estimated in the worst-case scenario may correspond to a small number of existing process steps in chemical production only. It was indicated that the majority of existing process steps is likely to feature mass and energy flows corresponding rather to the best-case than the worst-case scenario.
Recommendations and Outlook
More accurately estimated LCIs could be achieved by a more detailed estimation of the default parameters, especially for the solvent demands and solvent types used. Additional verifications would be desirable to learn more about the accuracy of the estimation procedure. In LCAs of the use of chemical products, other parameters besides the production-LCI influence the results, e.g. such as those concerning the functional unit. Thus, the estimation procedure should be applied to more case studies to gain insight into the usefulness of the estimation results in different decision-making contexts.
